Giant-Skippers (Megathymini) are unusual thick-bodied, moth-like butterflies whose caterpillars feed inside Yucca roots and Agave leaves. Giant-Skippers are attributed to the subfamily Hesperiinae and they are endemic to southern and mostly desert regions of the North American continent. To shed light on the genotypic determinants of their unusual phenotypic traits, we sequenced and annotated a draft genome of the largest Giant-Skipper species, the Bear (Megathymus ursus violae). The Bear skipper genome is the least heterozygous among sequenced Lepidoptera genomes, possibly due to much smaller population size and extensive inbreeding. Their lower heterozygosity helped us to obtain a high-quality genome with an N50 of 4.2 Mbp. The ~ 430 Mb genome encodes about 14000 proteins. Phylogenetic analysis supports placement of Giant-Skippers with Grass-Skippers (Hesperiinae). We find that proteins involved in odorant and taste sensing as well as in oxidative reactions have diverged significantly in Megathymus as compared to Lerema, another Grass-Skipper. In addition, the Giant-Skipper has lost several odorant and gustatory receptors and possesses many fewer (1/3-1/2 of other skippers) anti-oxidative enzymes. Such differences may be related to the unusual life style of Giant-Skippers: they do not feed as adults, and their caterpillars feed inside Yuccas and Agaves, which provide a source of antioxidants such as polyphenols.
Introduction
Caterpillars of most butterflies feed on leaves from outside of the plants, while Giant-Skippers (family Hesperiidae, tribe Megathymini) are highly unusual in their adaptation to living inside their food source as root borers or leaf miners (Freeman 1969; Roever 1975; Scott 1986; Zhang and Cong et al. 2017 ). The plants they inhabit are large, desert-dwelling succulents: yuccas with thick juicy roots and agaves with big fleshy leaves (Freeman 1969; Roever 1975; Scott 1986) . Adaptation to internal feeding on large succulents has allowed Giant-Skippers to prosper in harsh, desert climates and become giants among their kin (Freeman 1969; Roever 1975; Scott 1986) . Their large size, relatively small head (an adaptation for a caterpillar being able to turn around in a narrow burrow) and unique life history have led to an early classification of Giant-Skippers as a separate family (Freeman 1969; Roever 1975) , which was later downgraded to a subfamily (Scott 1986) . Previous studies based on several selected gene markers revealed a close phylogenetic connection between Giant-Skippers and other Grass-Skippers, confidently attributing them within the subfamily Hesperiinae Ogawa et al. 2008, 2009 ). Regardless of their taxonomic rank, Giant-Skippers are unique butterflies endemic to North America, and additional genomic studies promise to shed light on their evolution, unusual phenotypes and behavior.
Yucca-feeding Giant-Skippers are placed in the genus Megathymus. The largest representative of the genus is the Bear Giant-Skipper (M. ursus), frequently called the Ursine Giant-Skipper (Poling 1902; Stallings and Turner 1956; Freeman 1969; Wielgus and Wielgus et al. 1972; Roever 1975; Scott 1986) (Figs. 1, 2, 3, 4) . The Bear Giant-Skipper dwells in the Chihuahuan desert in southeastern Arizona, southern New Mexico, western Texas and north-central Mexico. It can be identified by its entirely white antennae. There are two main populations of M. ursus across its range. The nominotypical populations (M. ursus ursus) are distributed in the western part of the range (Poling 1902) and are characterized by yellow forewing bands separated by dark veins into spots with sharply defined edges. The skipper inhabits shaded mountain canyons and its caterpillars feed mostly on Yucca schottii. Adults fly once a year in the middle of summer, and the skipper spends most of the year as a caterpillar living inside its food plant. Eastern populations have orange continuous forewing bands with more diffuse edges ( Fig. 1 ) and are classified as a different subspecies M. ursus violae (Stallings and Turner 1956) . They prefer more open habitat on mesa-like mountains and slopes or shallow canyons (Fig. 3A, B) , and caterpillars ( Fig. 2C-J) typically feed on Yucca torreyi (Fig. 3C ). Adults fly in late spring and early summer. In the northern parts of the range, both subspecies use Yucca baccata as the only available food plant.
Females of M. ursus violae lay eggs singly on leaves of young yucca plants. The egg is green when just laid, but turns beige with orange-brown blotchy spots in a couple of days ( Fig. 2A) . A caterpillar chews its way out through the apex of the egg, leaving a translucent egg shell behind (Fig. 2B) . A pinkish caterpillar crawls to the tip of a leaf and webs a dome-like structure to cover itself. (Fig. 2C, D) . It feeds on the leaf and deposits frass outside the silk dome (Fig. 2E) . A later instar caterpillar bores into the center of the plant and burrows in towards the root. It maintains a "tent" or a "chimney", a finger-shaped tube made of silk and frass particles (Fig. 3G ) that protrudes from the center of the plant. The tent becomes larger with time ( Fig. 3D-F ) and serves as a cocoon for pupation. A fully grown caterpillar feeds inside the root on tissue and sap. It is grub-like and cream-colored (Fig. 2H, I ) with black head (Fig. 2F ) and anal plate (Fig. 2G ). Prior to pupation the caterpillar secrets hydrophobic white powder through its glands on 10th and 11th sternites (Fig. 2J ) into its tunnel and tent, in which it pupates (Fig. 2K) . The silk covered in hydrophobic powder lines the pupation chamber (= cocoon) and protects it from water accumulation. The pupa has highly flexible abdominal segments and can move up and down the burrow by rotating the abdomen clockwise and counterclockwise (Scott 1986) , which is unique to Giant-Skippers among butterflies. During cold nights with frost on the ground, pupae are deep in the root, and move up into the tent during hot days and "sun" themselves to accelerate their development with higher temperature. Eclosed adults crawl up from the tent and spread their wings hanging from a branch or a leaf (Fig. 4A ). Males frequently "hilltop", i.e., fly to the top of a hill or a mountain and perch on the ground and rocks (Fig. 4B) , waiting for females.
Sequencing a high quality complete Giant-Skipper genome is the first and necessary step to understand the genomic determinants of their unique phenotypic traits. The genome can be compared to two other complete genomes of skippers we have sequenced previously: Achalarus lyciades from the subfamily Eudaminae and Lerema accius from the subfamily Hesperiinae. Both of these skippers behave more like regular butterflies: their caterpillars feed on leaves and adults feed on nectar of flowers. Comparative genomic Fig. 1 Sequenced specimen of Megathymus ursus violae, male, USA: Texas, Pecos Co., Glass Mtns., ex larva found 4-May, pupated 7-May, eclosed 7-Jun-2013, voucher NVG-1504. Dorsal view is shown above and ventral view is below analysis is expected to suggest hypotheses about phenotypic differences between the skipper species and shed light on their evolutionary history. The Bear Giant-Skipper is the largest and the most enigmatic representative of this group, so it was natural to select this species for genomic sequencing. We have chosen a specimen of M. ursus violae from west Texas for complete genome sequencing. Despite being the largest skipper, its genome is about the same size as that of a small Grass-feeding Skipper Lerema accius (Cong and Borek et al. 2015a) . It has very low heterozygosity (0.1% vs. 1.5% in L. accius), which helped us to obtain a high-quality assembly with a scaffold N50 of 4.2 Mb.
We compared the new genome with the genomes of Grass-Skipper L. accius and Spread-winged Skipper A. lyciades and revealed evidence for rapid divergence in odorant sensing mechanisms between Megathymus and Lerema, and a decrease in the number of anti-oxidative enzymes and odorant receptors in Giant-Skippers. Such observations may be related to that Giant-Skipper caterpillars live in food plants particularly rich in antioxidants such as polyphenols (Cheeke and Piacente et al. 2006; Rizwan; Zubair et al. 2012) and that adults have a deteriorated proboscis and do not feed.
Results

Assembly, annotation and quality of the Bear Giant-Skipper genome
We sequenced and assembled a 429-Mb genome draft of Megathymus ursus violae (Mvi), which is nearly the highest quality among currently available Lepidoptera genomes (International Silkworm Genome 2008; Duan and Li et al. 2010; Zhan and Merlin et al. 2011; Heliconius Genome 2012; You and Yue et al. 2013; Zhan and Reppert 2013; Ahola and Lehtonen et al. 2014; Tang and Yu et al. 2014; Cong and Borek et al. 2015b) according to LepBase (Challis and Kumar et al. 2016) (Fig. 5) , coming second after Heliconius erato genome assemblies (Nadeau and Ruiz et al. 2014; Challis and Kumar et al. 2016) . The scaffold N50 of the Mvi genome assembly is 4.2 Mb, and the largest scaffold is 18.6 Mb, both better than the assembly of Bombyx mori, the classic model of Lepidoptera genomics (4.0 Mb and 16.2 Mb, respectively, Fig. 5 ), but shorter than those of Heliconius erato demophoon (10.7 Mb and 23.9 Mb, respectively). The Mvi draft assembly contains 1515 scaffolds (27 chromosomes (Freeman 1969) ), compared to 43,463 of B. mori (28 chromosomes (Pringle and Baxter et al. 2007) ) and 196 of H. erato (21 chromosomes (Pringle and Baxter et al. 2007) ). The genome assembly is similar to the best Lepidoptera genomes judging by the completeness of genes and proteins on the following benchmarks: Benchmarking Universal Single-Copy Orthologs (Waterhouse and Seppey et al. 2017 ) (BUSCO in Fig. 5 ), Core Eukaryotic Genes Mapping Approach (CEGMA) genes (Table S1 ) (Parra and Bradnam et al. 2007) , cytoplasmic ribosomal proteins and independently assembled transcripts (Table 1) . We deposited the Bear Giant-Skipper whole genome project at DDBJ/ EMBL/GenBank under the accession PDGT00000000. The version described here is PDGT01000000. Furthermore, major results from the genome assembly, annotation and analysis can be downloaded from http://proda ta.swmed .edu/ LepDB /.
Next, we assembled the transcriptome of Mvi from a caterpillar collected at the same locality as the adult used for genomic sequencing. Using a combination of this transcriptome, available protein sequences from other Lepidoptera and Drosophila melanogaster, de novo gene predictions, and repeats identification (Table S2) , we predicted that the Mvi genome encodes 14,024 proteins. We were able to annotate the functions of 10,703 of these protein-coding genes (Table S3 ). The gene number in the Mvi genome is 10-20% smaller than that in the other two Skippers that we sequenced and annotated using the same pipeline (Table 1 ) (Cong and Borek et al. 2015a; Shen and Cong et al. 2017) . Detailed analysis of protein families also revealed that the Giant-Skipper genome encodes fewer genes compared to other skippers (discussed below).
Phylogeny of Lepidoptera
We found orthologous proteins encoded in 14 Lepidoptera genomes (Plutella xylostella, Bombyx mori, Manduca sexta, Megathymus ursus violae, Lerema accius, Achalarus lyciades, Danaus plexippus, Heliconius melpomene, Melitaea cinxia, Calycopis cecrops, Phoebis sennae, Pieris rapae, Papilio xuthus, and Pterourus glaucus) and identified 5089 orthologous groups, from which 2117 groups have only a single gene in each of the species. Using RAxML, we constructed a phylogenetic tree from the concatenated alignment of these single-copy orthologs. In addition, we also performed coalescent-based species tree construction using ASTRAL based on individual gene trees (Mirarab and Reaz et al. 2014) . The resulting species tree resembles the one obtained from a single concatenated alignment both in topology and the confidence of each node.
The tree places Megathymus as the sister to Lerema (Fig. 6 ), the sole member of the Hesperiinae subfamily with a sequenced genome, and confirms the described close relationship between Giant-and other Grass-Skippers Ogawa et al. 2008, 2009; Warren et al. 2017 ). This placement was confident (100% bootstrap both on the entire dataset consisting of 355,045 positions and on 2% of positions selected from this dataset). The lengths of the branches from Lerema and Megathymus to their last common ancestor are comparable to the length of the branch from this ancestor to the last common ancestor of Lerema, Megathymus and Achalarus, indicating relatively close relationship between Giant-Skippers (Megathymus) and other Grass-Skippers (Lerema).
As in previously published genomic trees (Cong and Borek et al. 2015a; Shen and Cong et al. 2017) , Papilionidae is placed as a sister to all other butterflies, including skippers (Hesperiidae) (Fig. 6 ). This topology contradicts the traditional, morphology-based phylogenic view, but is supported by maximum-likelihood and Bayesian DNAbased trees published recently (Mutanen and Wahlberg et al. 2010; Heikkila and Kaila et al. 2012; Kawahara and Breinholt 2014) . When the concatenated alignment of all 2117 single-copy orthologs was used, all nodes received 100% bootstrap support. However, the nodes of trees constructed from very large sequence datasets could get 100% support for incorrect topology (Kubatko and Degnan 2007) . Bootstrap measures the internal consistency of a phylogenetic signal in the alignment and not the correctness of the tree per se, and the tree may be biased by long-branch attraction and nucleotide composition. To detect nodes with the weakest support, we split the concatenated alignment of singlecopy orthologs into 50 alignments (7101 positions in each alignment), thus reducing the amount of data used for the tree. The consensus tree built from these alignments gave the lowest support (88%) to the node referring to the relative position of swallowtails and skippers. Thus, the branching of skippers, swallowtails and other butterflies remains to be further investigated when better taxon sampling of complete genomes is achieved. Next, the position of Calycopis (family Lycaenidae) in the tree is less supported (96%) than other nodes, which possibly results from its elevated evolutionary rate: C. cecrops forms a long branch compared to other species included in the tree ( Fig. 6 ) Shen et al. 2016, 2017a; ). However, this placement of Lycaenidae as a sister to Nymphalidae (represented by Danaus, Heliconius and Melitaea) in our tree agrees with morphology and other DNA evidence (Mutanen and Wahlberg et al. 2010; Kaila et al. 2012; Cong et al. 2016 Cong et al. , 2017c .
Genomic divergence between Giant-Skippers and other Grass-Skippers
As phylogenetic analysis indicates, Giant-Skippers (represented by Megathymus ursus violae) are closely related to other Grass-Skippers (represented by Lerema accius). However, they prominently differ in their morphology and life history. To study possible genomic determinants of these differences, we identified and analyzed proteins that are more divergent between Megathymus and Lerema than between Lerema and Achalarus. The logic of this criterion is as follows. In accord with the phylogenetic tree (Fig. 6 ), the majority (88.3%) of orthologs show higher sequence identity between Lerema and Megathymus than between Lerema and Achalarus. However, we hypothesized that Giant-Skippers experienced accelerated evolution in certain genomic regions, resulting in rapid morphological and ecological differentiation: unique morphology such as larger body size with fat abdomen, caterpillar feeding inside roots of their food plants, lack of ability to feed as adults, among many others. Thus, the Megathymus genes that diverged more rapidly from Lerema compared to Achalarus would likely correlate with unique traits of Giant-Skippers, and we can use the divergence between Lerema and Achalarus as a reference point for each orthologous group. For the most strongly divergent proteins in Megathymus, we expect that their sequence identity to Lerema may be lower than the identity between Lerema and Achalarus.
We found 991 such proteins and analyzed their predicted functions using GO terms ( Fig. 7 and Table S4 ) (Ball et al. 2000) . We found proteins involved in sensory organ precursor cell division (orange box in Fig. 7B ), odorant and taste sensing (green box in Fig. 7A and magenta box in Fig. 7B ), synthesis of fatty acids (red box in Fig. 7A ), and oxidative reactions (blue box in Fig. 7A ) are significantly (P value < 0.01) over-represented in these 991 proteins.
Gene expansion events are rare in Megathymus
Gene expansions are common mechanisms of adaptation to evolve unique traits of certain organisms (Cong et al. 2015a, b) . We searched for gene expansions and found that such events are rare in Megathymus (Table S5 ) in comparison to other Lepidoptera species. For example, using the same criteria and dataset, we identified 50 families with gene expansions in Megathymus compared to 73 and 146 families for Achalarus and Lerema, respectively. The smaller number of expanded families is consistent with the overall smaller number of predicted genes in the Megathymus genome. Compared to Achalarus and Lerema genomes, the Megathymus genome encodes fewer proteins from several families.
The Megathymus genome encodes fewer odorant receptors (Fig. 8A ) compared to other Skippers (49, 56, and 58 copies for Megathymus, Lerema and Achalarus, respectively). In addition, Megathymus has fewer peroxidases and catalases to protect them from oxidative damage. Achalarus underwent gene expansion in peroxidases (Fig. 8B) while Lemera expanded in catalases (Fig. 8C) . However, a similar ◂ gene expansion is absent in Megathymus. Finally, we see that a large expansion in chitinase-like proteins that we hypothesized to act as cellulases (Cong and Borek et al. 2015a; Shen and Cong et al. 2017 ) is still unique for Lerema, and is not present in either Achalarus or Megathymus (Fig. 8D) . Unique expansion of putative cellulases may help GrassSkippers to digest cellulose-rich but nutrient poor grasses, and such an adaptation is not needed for Megathymus, whose food plants are rich in carbohydrates other than cellulose.
Discussion
Comparative genomics of butterflies suggest correlation between genotype and phenotype
With the advent of genomic sequencing, it became possible to obtain high quality, nearly complete genomic assemblies for essentially any organism (Palkopoulou and Mallick et al. 2015; Read and Petit et al. 2017; Li and Zhu et al. 2018) . Butterflies are good subjects for genomic exploration due to their relatively small genomes (Talla and Suh et al. 2017) , which are typically not more than a third of the size of the human genome. However, butterfly genomic assembly is challenging due to very high (up to 5%) heterozygocity (Cong and Shen et al. 2017b ) compared to mammals (about 0.1%). The current assembly software has difficulty distinguishing between parental copies of the same genes and recently duplicated genes, resulting in poor quality genomes (Tigano and Sackton et al. 2018) . We were able to overcome these difficulties (Cong and Borek et al. 2015a, b) and assemble good quality genomes for several butterfly species, three of which are skippers (Hesperiidae).
There are several reasons to obtain and study butterfly genomes. First, genomic sequence is the ultimate guide to evolution of these species. Phylogenetic analysis performed on a genomic scale is expected to produce the most accurate trees (Jarvis and Mirarab et al. 2014; Foley and Springer et al. 2016) , and analyses of gene duplications and losses shed light on species evolution. Second, genome-scale comparative analysis reveals non-standard and poorly studied evolutionary phenomena such as incomplete lineage sorting and introgression (Thawornwattana and Dalquen et al. 2018) . Third, and arguably most important, comparative genomics promises to elucidate genotypic determinants of phenotypic traits: wing patterns, ecological preferences, life histories and behavior (Kunte and Zhang et al. 2014; Janzen and Burns et al. 2017) . Such comparative analyses projected on the biology of the species involved suggest hypotheses about molecular bases of phenotypes. These hypotheses would be more powerful when we obtain hundreds and thousands of genomic sequences. However, even with three sequenced skipper genomes today, we can make some interesting correlative observations about odorant, taste sensing and anti-oxidant proteins that could be linked to biological features of the skippers. It is important to understand that these are correlative hypotheses that need experimental exploration using genetic and genomic engineering to substantiate them fully.
Deteriorated odorant and gustatory sensing in Megathymus
Our study reveals signs of deteriorated odorant and gustatory sensing ability of Megathymus. On the one hand, we find that proteins involved in sensory organ precursor cell division, odorant, and taste sensing are significantly enriched among proteins that have been rapidly diverging in Megathymus compared to Lerema and Achalarus. On the other hand, the Megathymus genome encodes fewer odorant receptors compared to other Skippers. These observations are in agreement with the phenotypic and behavioral traits of Megathymus. First, their adults do not feed (Scott 1986) and therefore the odorant and gustatory receptors involved in adult feeding may have deteriorated. Second, many other butterflies are typically highly specific to their food plants and would rather starve to death than accept a different plant (Scott 1986) . Megathymus caterpillars will accept many other roots instead of Yucca, such as Manioc (pers. observation) or even potatoes (Petterson and Wielgus 1973; Minno 1994) . Third, while other skippers may need more advanced odorant receptor system to aid their free-wandering caterpillars in selecting appropriate food plants that enable them to The plots were prepared using the assembly statistic plot (http://githu b.com/ rjcha llis/assem bly_stats ) developed by authors of Lepbase 22 (http:// lepba se.org/). This plot shows both the continuity and completeness of a genome assembly. Briefly, scaffolds are sorted in descending order by the length. Each scaffold is represented by a circular sector in the plot and the central angle of the sector shows the fraction of the genome that is assembled in this scaffold. The scales for genome fraction are marked on the outer circumference. The gray shade in each sector originates from the circumference and it shows the length of each scaffold. The scales for scaffold length are marked on the inner radius. This gray shade can be covered by the light orange, orange, and red shades showing the N90, N50 and longest scaffold length, respectively. Meanwhile, the cumulative number of scaffolds within a fraction of the genome is plotted in purple shade around the center. In addition, the completeness of genomes is evaluated by the presence and status (complete, fragmented and duplicated) of Benchmarking Universal Single-Copy Orthologs (BUSCO) in the assembly and the results are shown in the small circular plots on the upper right corners. Fraction of complete, fragmented, duplicated BUSCO is shown in mid, light and dark green, respectively complete their development, Megathymus caterpillars mostly live inside their food plants throughout their life.
Food plant probably protects Megathymus from oxidative damage
We find that Megathymus has fewer proteins to protect them from oxidative damage. In addition, Megathymus' proteins involved in oxidative reactions tend to diverge more rapidly from Lerema than Achalarus' proteins. These observations may be related to the unique root-feeding life style of Megathymus caterpillars. The local oxygen and carbon dioxide concentrations inside the plant may differ from the outside, and the caterpillars may submerge in the juice from the plants more frequently. These unique conditions may require enzymes involved in oxidative reactions to evolve fast and adapt to the environment. Meanwhile, their caterpillars' food plants, especially Yucca, are particularly rich in anti-oxidative chemicals such as polyphenols (Cheeke and Piacente et al. 2006 ). These chemicals may be able to protect the caterpillars against possible oxidative damage, relieving the evolutionary pressure to maintain many copies of antioxidative enzymes as in other skippers.
Conclusions
We obtained and comparatively analyzed a 430-Mb genomic sequence of the Bear Giant-Skipper (Megathymus ursus violae). We found that its genome is the least heterozygous among Lepidoptera with available genomic sequences and suggest that the reason may be its smaller population size and inbreeding. Due to lower heterozygosity, the assembly software, Platanus and Allpaths-LG, produced a high quality genome with N50 of 4.2 Mbp. About 14,000 proteins are encoded in the Bear Skipper genome. Comparison with the genomes of two other skippers we sequenced previously revealed that odorant and taste-sensing proteins and those involved in oxidative reactions diverged significantly in Megathymus. Furthermore, we find that Giant-Skipper genome has lost a number of proteins present in other butterflies, in particular, odorant and gustatory receptors and antioxidative enzymes. We connect these differences to unusual life histories of Giant-skippers whose adults do not feed (less need for odorant and gustatory receptors) and whose caterpillars feed and live inside anti-oxidant-rich Yuccas and Agaves (less need for anti-oxidative enzymes).
Methods
Library preparation and sequencing
We took two legs and cut out a piece of muscle from a thorax of freshly eclosed Megathymus ursus violae male, voucher NVG-1504 (USA: TX, Pecos Co., Glass Mtns., ex larva found 4-May, pupated 7-May, eclosed 7-Jun-2013) and spread the specimen (Fig. 1) . The specimen will be deposited in the National Museum of Natural History, Smithsonian Institution, Washington, DC, USA (USNM). Genomic DNA from specimen NVG-1504 was extracted using the ChargeSwitch gDNA mini tissue kit from ThermoFisher. We prepared 250 bp and 500 bp paired-end libraries with enzymes from NEBNext Modules following the Illumina 14, 37 . CEGMA: Core Eukaryotic Genes Mapping Approach genes: these are essential genes and the presence of them in a genome is used to evaluate the quality of an assembly (Parra, Bradnam et al. 2007 TruSeq DNA sample preparation guide. We prepared 2 kbp, 6 kbp and 15 kbp mate pair libraries using a protocol similar to previously published Cre-Lox-based method (Nieuwerburgh and Thompson et al. 2012) . For the 250 bp, 500 bp, 2 kbp, 6 kbp and 15 kbp libraries, we used approximately 250 ng, 250 ng, 2 µg, 3 µg and 5 µg of DNA, respectively.
The amount of DNA from all the libraries was quantified with Qubit™ dsDNA HS Assay Kit from ThermoFisher, and we mixed 250 bp, 500 bp, 2 kbp, 6 kbp, 15 kbp libraries at relative molar concentration 40:20:8:4:3. The mixed library was sequenced for 150 bp at both ends on two lanes of Illumina HiSeq2500 at the UT Southwestern genomics core facility. A caterpillar that we collected at the same locality as NVG-1504 on 30-Nov-2013 was used to extract RNA with the QIAGEN RNeasy Mini Kit. mRNA was further isolated using NEBNext Poly(A) mRNA Magnetic Isolation Module and we prepared RNA-seq libraries using NEBNext Ultra Directional RNA Library Prep Kit for Illumina per manufacturer's protocol. We carried out paired-end sequencing of RNA-seq library for 150 bp on 1/8 (pooled with other samples from other projects) of an Illumina HiSeq2500 lane.
Genome and transcriptome assembly
We processed mate pair libraries using the Delox script (Nieuwerburgh and Thompson et al. 2012) to remove the loxP sequences and to separate true mate pair from pairedend reads. For all reads, including the ones for RNA-seq, we used mirabait (version: 3.4.0, parameters: -i -k 20) (Chevreux, Wetter et al. 1999 ) to remove contamination from the TruSeq adapters, an in-house script, quality_trim, to remove low quality portions (quality score < 20) at the ends of both reads. We used JELLYFISH (version: 1.1.2, k-mer length: 19) (Marcais and Kingsford 2011) to compute k-mer frequencies in all genomic DNA libraries, and QUAKE (version: 0.3, k-mer length: 19) (Kelley and Schatz et al. 2010 ) to correct sequencing errors. This data processing produced seven datasets used in genome assembly: 250 bp and 500 bp paired-end libraries, 2 kbp, 5 kbp, 10 kbp true mate pair libraries, a dataset consisting of all the paired-end reads from the mate pair libraries, and a singleend dataset containing all reads whose pairs were removed in the process. We used these libraries as input for the two de novo genome assemblers, Platanus (version: 1.2.1, default parameters) (Kajitani and Toshimoto et al. 2014 ) and Allpaths-LG (version r43762, default parameters) (Gnerre and Maccallum et al. 2011) . The resulting assemblies were merged using Metassembler (Wences and Schatz 2015) (version: 1.5, mateAn parameters: -A 4000 -B 14,000 for 10 kbp library, -A 2000 -B 8000 for 5 kbp library, -A 1000 -B 3000 for 2 kbp library; nucmer parameters: -c 20 -l 50).
The processed RNA-seq reads were assembled using three procedures: (1) de novo assembly by Trinity (Haas and Papanicolaou et al. 2013) (version: 20140413p1) , (2) reference-based assembly by TopHat (Kim and Pertea et al. 2013 ) (v2.0.10, parameters: -read-edit-dist 5-fusionread-mismatches 3-segment-mismatches 3-read-mismatches 4-read-gap-length 4-read-realign-edit-dist Fig. 6 Phylogenetic tree of the Lepidoptera species with complete genomes available. Majority-rule consensus tree of the maximal likelihood trees constructed by RAxML on bootstrap samples of the concatenated alignment of universal single-copy orthologous proteins. Numbers by the nodes refer to bootstrap percentages. The numbers above are obtained from the complete alignment, and the numbers below are obtained from samples that contain 2% positions of the full alignment 0-mate-inner-dist 100-mate-std-dev 50-solexa1.3-quals-coverage-search-b2-sensitive-library-type frunstranded) and Cufflinks (Roberts and Pimentel et al. 2011) (v2.2.1) , and (3) reference-guided assembly by Trinity (parameters: -normalize_reads-genome_guided_ max_intron 100,000). We used the Program to Assemble Spliced Alignment (PASA, version: r20130907, parameter: -ALIGNERS blat,gmap) (Haas and Salzberg et al. 2008) to integrate the results from all these three methods.
Repeats identification and gene annotation
We used two approaches to identify repeats in the genome: the RepeatModeler Hubley 2008-2010 ) (version:1.0.11) pipeline and in-house scripts to extract genomic segments with three times higher than expected coverage. We submitted these repeats to the CENSOR (Jurka and Klonowski et al. 1996) server (http://www.girin st.org/censo r/, sequence resource: all) to classify them, and these repeats, in addition to the repeats in RepBase (Jurka and Kapitonov et al. 2005 ) (V18.12), were used to mask repeats in the Mvi genome by RepeatMasker (version: 4.0.5, parameter: -div 30) Hubley et al. 1996-2010) .
Transcript-based gene annotations were obtained from two pipelines: Trinity followed by PASA and TopHat followed by Cufflinks. Furthermore, four sets of homologybased annotations were obtained by aligning protein sets from Drosophila melanogaster (Misra and Crosby et al. 2002) and three Lepidoptera genomes (Bombyx mori, Danaus plexippus and Heliconius melpomene) to the Megathymus ursus violae genome using exonerate (version: 2.2.0, parameters: -model protein2genome -percent 30) (Slater and Birney 2005) . We used insect proteins in the entire UniRef90 (Suzek and Huang et al. 2007 ) database to generate additional set of gene predictions by genblastG (version: 1.0.138, parameters: -g T -v 2 -c 0.5 -e 0.00001 -s 0) (She and Chu et al. 2011) . 500 confident gene models were manually curated and selected by integrating the evidence from homologs and transcripts to train de novo gene predictors: AUGUSTUS (version 2.6.1) (Stanke and Schoffmann et al. 2006), SNAP (version 2006-07-28) (Korf 2004) and GlimmerHMM (version 3.0.1) (Majoros and Pertea et al. 2004 ). These predictors trained on our data, the self-trained (parameter: -max_nnn 1000) Genemark (version 2.3c) (Besemer and Borodovsky 2005) and a consensus-based pipeline Maker (version: 2.26) (Cantarel and Korf et al. 2008) , were used to obtain another five sets of gene models. We supplied these homology-based and transcript-based and annotations to SNAP, AUGUSTUS and Maker to improve their performance. Overall, 11 sets of gene predictions were generated and integrated with EvidenceModeller (version: r20120625, weights: PROTEIN exonerate_Heliconius 4, PROTEIN exonerate_Danaus 8, PROTEIN exonerate_Bombyx 4, PROTEIN genBlastG_uniprot 4, TRANSCRIPT TOPHAT 10, TRANSCRIPT PASA 10, ABINITIO_PREDICTION maker 5, ABINITIO_PREDICTION augustus 4, ABI-NITIO_PREDICTION snap 3, ABINITIO_PREDICTION genemark 2, ABINITIO_PREDICTION GlimmerHMM 1; parameters: -search_long_introns 1, -re_search_inter-genic 1) (Haas and Salzberg et al. 2008) to produce the final gene models.
Functions of Megathymus proteins were predicted by transferring annotations and GO-terms from the closest BLAST (version: 2.2.31+) (Altschul and Gish et al. 1990) hits (e-value < 0.00001) in the Swissprot (UniProt 2014) database and Flybase (St Pierre and Ponting et al. 2014) . Finally, InterproScan (version: 5-44.0, parameters: -dp -goterms -pa) (Jones and Binns et al. 2014 ) was run to identify signal peptides, transmembrane helices, and coiled coils in the protein; and to assign proteins to protein families and map them to metabolic pathways, to find conserved protein domains and functional motifs, and to detect homologous 3D structures. 
Orthologs identification and phylogenetic tree construction
OrthoMCL (version 2.0.9) (Li and Stoeckert et al. 2003 ) was used to identify the orthologous groups from 14 Lepidoptera genomes. Only a single gene from every species was present in 2117 orthologous groups. These groups were used for phylogenetic analysis. We used both global sequence aligner MAFFT (version: 7.299, parameters:-maxiterate 1000-genafpair) (Katoh and Standley 2013) and local sequence aligner BLASTP to build alignments for each single-copy orthologous group. From each individual alignment, we extracted the positions that were aligned consistently by both aligners and concatenated these positions to obtain an alignment of 355,045 positions.
We used RAxML (version: 8.2.6, model: PROTGAM-MAAUTO) (Stamatakis 2014) to construct phylogenetic tree from this concatenated alignment and performed bootstrap resampling of the aligned positions to assign the confidence level of each node in the tree. Furthermore, to find the weakest nodes in the tree, we split the concatenated alignment into 50 alignments (about 7,101 positions in each alignment) to reduce the amount of data, and applied RAxML to each alignment. A 50% majority-rule consensus tree was obtained and confidence level was assigned to each node in this tree as the percent of individual trees supporting this node. In addition, we selected the orthologous groups with at least 100 aligned positions (positions with any gaps are removed), and used these 1258 protein alignments to construct 1258 trees using RAxML (model: PROTGAMMAAUTO). These trees were summarized using ASTRAL (version 4.9.0) (Mirarab and Reaz et al. 2014 ).
Identification of fast-evolving protein in Megathymus compared to Grass-Skippers
We identified the fast-evolving genes in Megathymus, which may be related to its unique phenotypic traits compared to other Grass-Skippers. First, we started from the exons of Lerema proteins and searched for orthologous segments in the Megathymus and Achalarus genomes using TBLASTN (version: 2.2.31+). We ranked the confident hits (e-value < 0.01) and considered the top-ranking segment to be orthologous to the query if it covers more than 80% of its length and the sequence identity to the query at the protein level is above 40% and more than 10% higher than the second hit. Second, for each Lerema protein, we combined the orthologs of its exons to obtain an orthologous group, and the TBLASTN alignments were used for sequence comparison. We totally identified 9620 single-copy orthologous groups among the three skippers, and they were used for the following analysis.
Third, for each orthologous group, we evaluated the divergence between Megathymus and Lerema using an index of divergence that was defined by the following formula: Index div = Identity MvsL ∕Identity AvsL , where Identity MvsL was the sequence identity between Megathymus and Lerema, and Identity AvsL represented the sequence identity between Achalarus and Lerema. Most proteins showed higher sequence identity between Megathymus and Lerema ( Index div ≥ 1 ), as one would expect from the phylogeny of skippers. We identified orthologous groups with Index div below a certain cutoff (1, 0.98, 0.95, and 0.90), and considered them (namely, divergent groups) to be more likely related to the functional divergence between Megathymus and other Grass-Skippers. Fourth, the function of these divergent groups was analyzed using GO terms. We identified enriched GO terms associated with these proteins using binomial tests implemented in Python scipy package (https ://docs.scipy .org/doc/scipy -0.14.0/refer ence/gener ated/scipy .stats .binom _test.html): N = number of divergent groups, m = the number of divergent groups associated with this GO term, and p = the probability that this GO term is associated with any orthologous group. We used different cutoffs for Index div : 1, 0.98, 0.95, and 0.90, and the significantly enriched GO-terms identified at each cutoff were combined.
Comparison of the loss and gain of genes among skippers
Starting from the orthologous groups from 14 Lepidoptera genomes identified by OrthoMCL (Li and Stoeckert et al. 2003) , we classified Lepidoptera proteins into families by merging orthologous groups (defined by OrthoMCL) that had the same best hits in Drosophila. We counted the number of proteins from each skipper species in each family. The families with well-defined functions and in which the number of proteins differed the most between Megathymus and any other skipper were carefully studied. For these families, we detected all relevant proteins from the genomes by reciprocal BLAST (−e 0.00001) searches and their function annotations. Proteins encoded in genomes and found in genomic assemblies but missed in the annotated protein sets were predicted using genblastG (-c 0.5 −e 0.00001). We used MAFFT to align protein sequences from each family. We constructed evolutionary trees using RAxML (model: PROTGAMMAAUTO) and visualized them in FigTree. 
